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ABSTRACT
We present a high-resolution (R  20 000) near-infrared (9100–13 500Å) long-slit spectrum
of P Cygni obtained with the newly commissioned WINERED spectrograph in Japan. In the
obtained spectrum, we have found that the velocity profiles of the [Fe II] emission lines are
resolved into two peaks at a velocity of 220 km s−1 with a moderate dip in between and
with additional sub-peaks at ±100 km s−1. The sub-peak component is confirmed with the
long-slit echellogram to originate in the known shell with a radius of 10 arcsec, which was
originally created by the outburst in 1600 AD. On the other hand, the 220 km s−1 component,
which dominates the [Fe II] flux from P Cygni, is found to be concentrated closer to the
central star with an apparent spatial extent of 3 arcsec. The extent is much larger than the
compact (<0.1 arcsec) regions traced with hydrogen, helium, and metal permitted lines. The
velocity, estimated mass, and dynamical time of the extended emission-line region suggest
that the region is an outer part of the stellar wind region. We suggest that the newly identified
emission-line region may trace a reverse shock due to the stellar wind overtaking the outburst
shell.
Key words: stars: individual (P Cygni) – stars: mass-loss – stars: winds, outflows.
1 IN T RO D U C T I O N
Luminous blue variable (LBV) stars are believed to have evolved
from high-mass main-sequence stars and to become eventually
Wolf–Rayet stars after various magnitudes of mass-loss (e.g. Langer
et al. 1994; Meynet et al. 2011; Smith 2014; and references therein).
Circumstellar nebulae around LBV stars provide essential clues for
mass-loss events (e.g. Najarro, Hillier & Stahl 1997b) and evolution-
ary process of LBV stars (e.g. Smith et al. 2011; Weis 2011). Steady
mass-loss events create emission photospheres or shells around stars
(e.g. Lamers, Korevaar & Cassatella 1985), whereas flash mass-
loss events, which are often called ‘eruptions’ or ‘outbursts’, cre-
 E-mail: misaki.mizumoto@durham.ac.uk
ate emission shells as those seen in P Cygni and η Carinae (e.g.
Lamers 1986; Humphreys, Davidson & Smith 1999; Ishibashi et al.
2003; Smith & Hartigan 2006). Thus, the structure and kinematics
of the LBV nebulae give us important clues about the mass-loss
events.
Infrared (IR) [Fe II] lines are a powerful tool for investigating the
structure and physical mechanisms of the LBV mass-loss events
(Smith 2002a). Bright IR [Fe II] lines are typically detected to-
wards shock-excited objects or outflowing objects, such as super-
nova remnants, massive stars, and low-mass young stellar objects
(e.g. Meaburn et al. 2000; Smith 2001, 2002a; Hartigan, Raymond
& Pierson 2004; Lee et al. 2009; Shinn et al. 2013), and are de-
tected in all the observed LBVs with near-IR (NIR) spectroscopy
(Smith 2002a). Because the LBV nebulae are optically thin at the
IR wavelength region, IR observations are key tools to study the
C© 2018 The Author(s)
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circumstellar nebulae of LBVs (e.g. Artigau et al. 2011; Clark et al.
2011; Gvaramadze et al. 2012). For example, NIR observations of
η Carinae clearly resolve the emission components from different
areas (Smith 2002b, 2006).
Barlow et al. (1994) found a circular nebula around P Cygni
with an angular radius of ∼11 arcsec and an expansion velocity of
140 km s−1 using the optical [N II] λ6584 line. Smith & Hartigan
(2006) (hereafter SH06) deeply investigated this nebula using the
NIR [Fe II] λ16 440 line, and concluded that this nebula with a
shell-like structure with a radius of ∼8−10 arcsec was ejected by
the 1600-AD outburst. Other circumstellar nebulae outside of the
1600-AD outburst shell have also been studied (e.g. Meaburn et al.
1996, 2000). In addition, the [Fe II] emission of P Cygni inside the
1600-AD outburst shell has also been investigated and found to be
created in the region of R 100R∗, where R∗ is the radius of P Cygni
(=76 ± 14 R; Lamers, de Groot & Cassatella 1983), based on the
line ratio and/or the velocity width of the optical [Fe II] emission
lines (e.g. Israelyan & de Groot 1991; Stahl et al. 1991; Markova
& de Groot 1997). Markova (2000) suggested that the forbidden
lines in P Cygni originate at 100R∗, where the wind has reached
its terminal velocity. However, to our surprise, the upper limit for
the radius of the [Fe II] emission region has not been explicitly
constrained. Arcidiacono et al. (2014) shows the [Fe II] λ16440
image of P Cygni nebula with high angular resolution by adaptive-
optics observations, but the inner structure within 3 arcsec is unclear
because they masked the region.
Here, we observed P Cygni with a newly developed high-
resolution (R  20 000) NIR ( 9100–13 500 Å) echelle ‘WINERED’
spectrograph. P Cygni is the nearest LBV star at a distance of 1.7 kpc
(Najarro et al. 1997b) and thus the best target to study mass-loss
events in LBVs. The range of the studied wavelengths, 9100–
13 500 Å, falls between the optical and IR wavelengths and has
been relatively poorly studied in astronomy. However, this ‘niche’
wavelength range is rich in various types of emission lines, yet is
contaminated less with background lines than optical wavelengths.
In this paper, we first describe the WINERED spectrograph and
the observation in Section 2. In Section 3, we show that the velocity
profiles of the NIR [Fe II] lines have a clear ‘double-peak’, which
have been considered as ‘flat-topped’ in the past studies, and con-
strain the spatial extent of the [Fe II] emission region. Finally, we
discuss the origin of the extended region of the [Fe II] emission in
Section 4.
2 O B S E RVAT I O N S A N D DATA R E D U C T I O N
We obtained the spectrum of P Cygni on 2014 September 20 with the
NIR high-resolution spectrograph WINERED (Ikeda et al. 2016),
mounted on the F/10 Nasmyth focus of the Araki 1.3 m telescope at
Koyama Astronomical Observatory, Japan (Yoshikawa et al. 2012).
WINERED uses a 1.7 μm cut-off 2048 × 2048 HAWAII-2RG array
with a pixel scale of 0.8 arcsec pixel−1, covering the wavelength
range of 9100–13 500Å simultaneously. Fig. 1 shows the slit posi-
tion relative to the central star of P Cygni. We used a long slit with
a length of 48 arcsec, oriented along PA  37◦. The slit width is
1.6 arcsec (2 pixel), which provides the maximum spectral resolving
power of R  28 300 or v  11 km s−1. However, our observed
spectrum has a lower spectral resolution of R  20 000 (v 
15 km s−1) due to the optical setting during the observing period.
The exposure time was 150 s frame−1, which was long enough to
make some strong H I and He I lines saturated in the obtained spec-
tra. We observed P Cygni eight times and combined all the frames;
thus, the total exposure time was 1200 s. The one-dimensional spec-
Figure 1. The position and PA of the slit for the WINERED observation of
P Cygni and its nebula. The horizontal and vertical axes show the offsets in
the RA and Dec., respectively, in arcsec from the position of P Cygni, which
is denoted as the star symbol at the centre. The tilted and slender rectangle
shows the position of the slit on the sky. The dark-grey ring with radii of
8–10 arcsec illustrates the 1600-AD outburst shell (SH06). The dark-grey
filled circle with a radius of ∼0.06 arcsec in the inset illustrates the extent
of the steady mass-loss wind region (∼100 au). The dotted line is a circle
with a diameter of 2.9 arcsec (=4.9 kau), which demonstrates the extent
of the [FeII] emission-line region we have discovered (see the main text in
Section 3.2).
trum was created, using the data within the slit-length of 10 arcsec.
The obtained S/N (signal-to-noise ratio) was 130. The wavelength
was calibrated using the spectrum of a Th-Ar lamp in front of the
slit. The uncertainty of the central velocities of the lines was smaller
than 1 km s−1. For the telluric-absorption correction, we used the
spectrum of the spectrometric standard star 28 Cet, obtained at the
similar airmass to that in our observations. The sky conditions were
photometric and the seeing was relatively good for the site [full
width at half-maximum (FWHM) ∼ 4 arcsec].
3 R ESULTS
3.1 Velocity profiles
We found 90 emission lines in the whole spectrum of P Cygni.
Table 1 and Fig. 2 show the linelist and the whole spectrum we ob-
tained. We used VALD3 (Kupka et al. 1999) when identifying the
atomic lines. Fig. 3 shows some characteristic velocity profiles of
emission lines. The so-called P Cygni profiles (Fig. 3a) are clearly
seen in H I and He I lines with a terminal velocity of −220 km s−1,
which originates in the optically thick and steady mass-loss wind
region around the star with a radius of ∼100 R∗ (e.g. Lamers et al.
1985; see also the inset in Fig. 1). Rounded profiles (Fig. 3b) with a
velocity of 180 km s−1 are visible in metal permitted lines, such as
O I, Mg II, and Fe II, which are formed in the optically thin and steady
mass-loss wind region with a radius of 100 R∗ (e.g. Najarro et al.
1997b; Markova & de Groot 1997; Rossi, Muratorio & Viotti 2001).
The central velocity of Fe II λ10504, −28± 1 km s−1, is consistent
with the known systemic velocity of P Cygni (e.g. −22 km s−1 in
Barlow et al. 1994 and Markova & de Groot 1997, −27 km s−1 in
Meaburn 2001, and −29 km s−1 in Stahl et al. 1993). The interpre-
tation of ‘P Cygni’ and ‘rounded’ profiles is also consistent with
those in previous studies.
MNRAS 481, 793–805 (2018)
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Table 1. Line list.
Line λvac (Å) λair (Å) Transition Ranka Ref.b Line λvac (Å) λair (Å) Transition Rank Ref.
Mg II 9220.7799 9218.250 2S1 − 2P3 B Fe II 10549.378 10546.488 e6D9 − y6F11 A 1
Pa ζ 9231.5498 9229.017 A 4 Fe II 10638.765 10635.851 e4G5 − 2F7 B
Mg II 9246.8019 9244.265 2S1 − 2P1 B He I 10670.898 10667.975 3P0 − 3S2 A 1
Fe II? 9264.4448 9261.903 2[3]7 − 4F5 X O I 10732.881 10729.941 5P6 − 5S4 B
Ni II? 9268.7769 9266.234 2F5 − 2[3]7 X He I 10832.055 10829.088 3S2 − 3P0 A 1, 3, 4
Fe II 9299.4709 9296.920 e4D5 − 4D5 A 4 Fe II 10865.628 10862.652 z4F5 − b4G7 A 1, 3, 4
Fe II? 9390.509 9387.933 4D7 − 4F5 X He I 10916.022 10913.033 3D6 − 3F8 A 3, 4
Fe II 9408.653 9406.072 u4F5 − 4G5 A 4 He I 10920.088 10917.098 1D4 − 1F6 A 1
Fe II? 9415.1861 9412.604 t2F5 − 2G7 X Pa γ 10941.089 10938.093 A 1, 3, 4
He I 9466.1383 9463.542 3S2 − 3P0 A 4 Mg II 10954.778 10951.778 2D3 − 2P1 A 1
He I 9519.2437 9516.633 3P4 − 3D6 A 4 Fe II? 10969.029 10966.025 4H11 − 2H11 X
He I 9531.8841 9529.270 1D4 − 1F6 B He I? 10999.573 10996.561 3D6 − 3P4 X
Pa ε 9548.5917 9545.973 A 4 He I? 11016.086 11013.070 1S0 − 1P2 X
He I 9606.0522 9603.418 1S0 − 1P2 B He I 11048.028 11045.003 1P2 − 1D4 A 1
He I 9628.2812 9625.641 1P2 − 1D4 B Fe II 11128.64 11125.593 z4F3 − b4G5 A 4
C I 9661.0834 9658.434 3P4 − 3S2 A 4 O I 11289.408 11286.317 3P2 − 3D4 A 3, 4
He I? 9684.8466 9682.191 1P2 − 1S0 X Mg II 11754.846 11751.629 2F7 − 2D5 B
He I 9705.5312 9702.870 3P0 − 3S2 A 4 Fe II? 11831.826 11828.588 6D7 − 6D5 X
Fe I? 9801.9266 9799.239 w5D6 − g7D8 X Fe II? 11842.663 11839.422 4G5 − 2[2]3 X
Fe II 9868.7106 9866.005 2[1]3 − 2[3]5 B Fe II? 11883.959 11880.707 4H11 − 4I11 X
Fe I 9887.4294 9884.719 2[2]3 − 2[3]5 B C I 11899.006 11895.750 3D6 − 3P4 A 4
Fe I 9893.3941 9890.682 2[5]9 − 2[5]9 B Fe II 11954.218 11950.947 2P3 − 2[1]3 B
Fe I 9905.3288 9902.614 e5F4 − 3D4 B He I 11972.336 11969.060 3P4 − 3D6 A 3, 4
Fe II 9934.3666 9931.643 f4G9 − 2[5]9 B Fe II? 12329.941 12326.568 6S5 − 2[3]5 X
Fe II 9959.0524 9956.323 z4F9 − b4G9 A 4 Fe II? 12385.369 12381.981 2G7 − 4G9 X
N I 9971.2432 9968.510 4D5 − 4P3 B Fe II 12467.78 12464.370 6P5 − 4S3 A 4
Fe I 9984.6167 9981.880 n7D6 − 2[5/2]6 B Fe I 12498.742 12495.323 h5D8 − 5F10 B
Fe II 10000.079 9997.338 4P3 − 6D5 A 2 He I 12530.778 12527.350 3S2 − 3P0 A 3, 4
Al II? 10020.14 10017.394 1G8 − 1F6 X [Fe II] 12570.206 12566.768 a6D9 − a4D7 A 3, 4
He I 10030.465 10027.716 3D6 − 3F8 A 2, 4 Fe I 12603.308 12599.861 e7F4 − 2[7/2]6 B
He I 10033.904 10031.154 1D4 − 1F6 A 2, 4 Fe II? 12618.98 12615.528 4G7 − 2[3]7 X
Fe I? 10037.351 10034.600 e5F4 − 3P4 X [Fe II] 12706.91 12703.435 a6D1 − a4D1 A 3, 4
Pa δ 10052.128 10049.373 A 2, 4 Fe II? 12771.147 12767.654 4H9 − 2[5]11 X
C I 10067.629 10064.870 3P0 − 3P2 B He I 12788.483 12784.985 3D6 − 3F8 A (New)
He I? 10074.809 10072.048 3D6 − 3P4 X He I 12794.064 12790.565 1D4 − 1F6 A (New)
Mg II 10094.862 10092.095 2F5 − 2G7 B Fe II? 12807.544 12804.041 e4G5 − u4F7 X
Al II 10110.212 10107.441 3D4 − 3P2 A 2 Pa β 12821.584 12818.077 A 3, 4
N I 10117.413 10114.640 4D7 − 4F9 A 2, 4 He I 12849.449 12845.935 3P4 − 3S2 A (New)
He II? 10126.367 10123.592 X Fe II? 12864.03 12860.512 2H9 − 2[4]7 X
He I 10141.214 10138.435 1P2 − 1D4 A 2 Fe II? 12893.295 12889.769 4H7 − 2[4]9 X
Fe II 10176.303 10173.514 z4D7 − b4G9 A 4 [Fe II] 12946.204 12942.664 a6D5 − a4D5 A 3, 4
He I 10314.044 10311.218 3P4 − 3D2 A 3, 4 He I 12971.986 12968.439 1P2 − 1D4 A (New)
Fe II 10436.446 10433.587 w4G11 − 4G9 B He I 12988.434 12984.882 3D6 − 3P4 A (New)
Fe II 10504.38 10501.502 z4F7 − b4G9 A 3, 4 O I 13168.732 13165.131 3P0 − 3S2 A 3, 4
Fe II 10525.135 10522.252 2[2]3 − 6D1 B [Fe II] 13209.111 13205.499 a6D7 − a4D7 A 3, 4
a(A): (Newly) identified; (B): Probably identified; (X): Detected but not identified; possible candidates are shown.
bReferences: 1: Groh, Damineli & Jablonski (2007), 2: Rossi et al. (2001), 3: SH06, 4: Hamann et al. (1994). Note that the linelist in [4] is for η Carinae.
We have clearly resolved for the first time each of the [Fe II] emis-
sion lines in the obtained spectrum into two peaks, or a ‘double-
peak’ profile, with a velocity of 220 km s−1 (Fig. 3c). Several op-
tical/IR [Fe II] lines were previously detected in this object, yet none
of the lines have been resolved into multiple peaks, even though the
observed profiles of the lines were known to be somewhat broad and
probably to have a flat top at the (single) peak. Markova (2000) pro-
posed the interpretation that these ‘flat-topped’ profiles are formed
in the mass-loss wind region of a constant expansion velocity at a
radius of ∼100 au. However, the compact emission region with a
constant expansion velocity cannot generate such a ‘double-peak’
profile as we obtained. Figs 3(c)–(f) show velocity profiles of all
the four [Fe II] lines obtained in this observation. The [Fe II] λ12570
(a4D7 − a6D9) line is the strongest [Fe II] line in the observed range
of wavelengths, and clearly shows the ‘double-peak’ profile at v 
±220 km s−1 and sub-peaks at v ±100 km s−1. The [Fe II] λ12707
(a4D1 − a6D1) line was detected, but too faint to evaluate the ve-
locity profile quantitatively. The [Fe II] λ12946 (a4D5 − a6D5) line
was also detected, but its red wing is slightly contaminated with the
adjacent He I λ12972. Although [Fe II] λ13209 (a4D7 − a6D7) is
affected by residuals of a strong telluric absorption line, the velocity
profile shows the relatively clear ‘double-peak’ profile in the same
way as that of [Fe II] λ12570.
3.2 Spatial extent of [Fe II]
Fig. 4 shows the echelle image around the [Fe II] λ12570 line.
The 1600-AD outburst shell, which has an expansion velocity
MNRAS 481, 793–805 (2018)
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Figure 2. The WINERED spectrum of P Cygni and its nebula in the slit area shown in Fig. 1. The horizontal axis shows the wavelength in vacuum. The
telluric absorption is corrected using the spectrum of the standard star, which is shown in the bottom of each plot after removing the intrinsic stellar absorption
lines and being normalized. The vertical red lines above the spectrum show emission lines. The other spike-like emission features as well as a group of sharp
absorption features in the bad atmospheric transmission region (especially 9310–9800 Å and 11120–11750 Å) are due to incomplete telluric correction. The
⊕ symbols show the part where telluric absorptions are not fully corrected because of their heavy absorption.
of 140 km s−1 and a radius of 8−10 arcsec, is apparent in the
echelle image (n.b., this image is in the same configuration as in
fig. 5 of SH06 around [Fe II] λ16440). This shell is responsible to
create the sub-peaks at v  ±100 km s−1 in the projected spectrum
(Section 3.1, see also the green dotted lines in Fig. 4.) However,
the spatial extent of the stronger emission with double peak at v 
±220 km s−1 is unclear in the upper panel of Fig. 4, suggesting that
it has a spatially smaller region than the outburst shell and that it is
hindered under the very strong continuum.
In order to study the spatial extent of the [Fe II] emission com-
ponent with v  ±220 km s−1 double peak, we subtracted the
model continuum on the echelle image. First, we extracted 52
MNRAS 481, 793–805 (2018)
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Figure 2 – continued
one-dimensional spectra for each spatial pixel between −15 and
+15 arcsec and fitted the continuum spectra on both sides of the
[Fe II] emission with a linear function. We then subtracted the best-
fitting continuum spectra from the one-dimensional ones, and re-
constructed the [Fe II] two-dimensional echelle image from all of
the 52 one-dimensional spectra. In this reconstructed image, we
binned each set of 9 pixels (=1.72 Å) along the wavelength axis
in order to smear out stripe-like residuals on the continuum, which
was generated as a side effect of pixelizing the rotated spectra on the
detector array. As a result, the two velocity components are clearly
separated into the two oval extensions in the spacio-velocity field,
i.e. the 1600-AD outburst shell component with v  140 km s−1
MNRAS 481, 793–805 (2018)
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Figure 2 – continued
(green dashed line in the figure) and the ‘double-peak’ compo-
nent with v  220 km s−1 (blue dotted), in the lower panel of
Fig. 4.
We examined the spatial profiles of the continuum-subtracted
echelle image to quantitatively estimate the spatial extent of the
emission regions. The upper panel in Fig. 5 shows the [Fe II] spa-
tial profile of the continuum-subtracted echelle image, thus pure
emission line echelle image, at v = 0 km s−1. We fitted the pro-
file with three Gaussians: One represents the ‘double-peak’ com-
ponent (blue dotted line in the figure) and the other two repre-
sent the blue- and redshifted components of the 1600-AD out-
burst shell (green dashed). The spatial width of the ‘double-
peak’ component is 5.02 ± 0.03 arcsec at an FWHM, which
is clearly broader than that of the adjacent continuum compo-
nent, 4.1 ± 0.1 arcsec (grey dot-dot-dashed), which represents
the seeing size because the continuum-emitting region is totally
unresolved (Chesneau et al. 2000). This means that the [Fe II]
emission-line region is intrinsically spatially extended. By com-
paring the two spatial profiles, the spatial extent even smaller than
the seeing size can be examined (e.g. Takami et al. 2009). As-
MNRAS 481, 793–805 (2018)
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Figure 2 – continued
suming that the extension of the emission region can be modelled
with Gaussians, the intrinsic FWHM of this component was esti-
mated to be
√
(5.02 ± 0.03 arcsec)2 − (4.1 ± 0.1 arcsec)2 = 2.9 ±
0.1 arcsec, which corresponds to 4.9 ± 0.2 kau or (1.39 ± 0.05) ×
104 R∗ (see the dotted circle in Fig. 1).
For comparison, we made spatial profiles of He I λ12531 (‘P
Cygni’ profile) and Fe II λ10504 (‘rounded’ profile) in the same
way from the continuum-subtracted echelle image at v = 0 km s−1,
and plotted them in the medium and lower panels of Fig. 5. The
observed, adjacent, and intrinsic FWHM of He I λ12531 are 4.2
± 0.1, 4.2 ± 0.1, and 0 ± 0.6 arcsec, respectively, and those of Fe II
λ10504 are 4.6 ± 0.2, 4.5 ± 0.2, and 1.0 ± 1.3 arcsec, respectively.
This result shows that these lines are not extended spatially and are
formed in a compact emission region close to the central star, as
opposed to the [Fe II] lines.
In order to unambiguously separate the ‘double-peak’ component
from those of the 1600-AD outburst shell, we made spatial profiles
of the echelle image for all the Doppler velocity bins from −300
MNRAS 481, 793–805 (2018)
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Figure 2 – continued
to +300 km s−1 with a 9 pixels (=41 km s−1) step, and fitted all the
components at |v| ≤ 140 km s−1 and at |v| > 140 km s−1 with three
and a single Gaussians, respectively (see Fig. 5c for the case of |v| ≤
140 km s−1). The central Gaussian with the spatial offset of 0 arcsec
indicates the ‘double-peak’ component, whereas the two side Gaus-
sians at |v| ≤ −140 km s−1 indicate the 1600-AD outburst shell.
Next, we combined the fitted Gaussian profiles at all the Doppler
velocity bins in the spacio-velocity plane to reconstruct the echelle
image. Fig. 6 shows the reconstructed images, which encompass the
‘double-peak’ component (upper) and the 1600-AD outburst shell
(lower). Fig. 7 shows the intrinsic FWHM of the ‘double-peak’
component, which is larger for smaller Doppler velocity. The red
dashed line in Fig. 7 shows the model one when the emission region
is spherical (FWHM = 2.9 arcsec
√
1 − (v/220 [km s−1])2), which
is consistent with the trend of the observation. Thus, the emission re-
gion is found to be (quasi-)spherical. Hereafter, we call the emission
region of the ‘double-peak’ component as the ‘extended emission
region’, in contrast to the 1600-AD outburst shell.
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Figure 3. Velocity profiles after the systemic velocity is corrected. The profiles are normalized to fit the adjacent continuum to 1. The spectra are telluric
corrected. The lower panels show profiles of the telluric standard star. The grey profiles superposed on the panels (d)–(f) show that of [FeII] λ12570, adopted
from the panel (c), which is the strongest among all the observed [Fe II] lines. The vertical dashed lines show −220 km s−1, which corresponds to the terminal
velocity of the P Cygni profiles and the wind velocity of the [Fe II] profiles.
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Figure 4. Upper panel: Echelle image around the [Fe II] λ12570 line. Mid-
dle panel: Velocity profile of the [Fe II] λ12570 line normalised to fit the
adjacent continuum to 1, which was created using the data of −5 to +5 arcsec
after telluric correction. Lower panel: Same image as the upper panel, but
after the continuum subtraction. Note that two telluric absorption lines at
v  −270, +110 km s−1 cause slightly weaker signal at the corresponding
binned elements. The blank areas at v  −370 km s−1 and v  +360 km s−1
have negative values after continuum subtractions due to statistical fluctua-
tion. The green dashed and blue dotted lines indicate v = ±140 km s−1 and
v = ±220 km s−1, respectively.
This ‘extended emission region’ was, in fact, visible in SH06,
though there was no mention about it in their paper. The top panel
of fig. 4 in SH06 showed the intensity of [Fe II] λ12567 and λ16435
lines,1 where the inner emission region appears in −4 to +4 arcsec,
whereas the 1600-AD outburst shell component appeared in −10 to
−7 arcsec and +8 to +11arcsec. We concluded that its inner emission
region is identical to the ‘extended emission region’ because the
spatial extent of the regions is almost the same. Consequently, we
managed to constrain the upper limit of the radius of the [Fe II]
emission region, which has yet been unclear.
4 D ISCUSSION
4.1 Origin of the [Fe II] ‘double-peak’ profile
When an emission line originates from an optically thin, spherically
symmetric shell/flow with a constant velocity, the intensity per unit
frequency bin is independent of frequency; as a result, the line
shows a ‘flat-topped’ profile (Appenzeller, Oestreicher & Jankovics
1The observed wavelengths are used in SH06, whereas the vacuum wave-
lengths after the systemic velocity is corrected are used in this paper. Thus,
the quoted wavelength values are slightly different between these two. For
example, λ12567 in SH06 corresponds to λ12570 in this paper.
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Figure 5. Spatial profiles of three kinds of emission lines after continuum-
subtraction: the He I λ12530 line (a), Fe II λ10504 line (b), and [Fe II] λ12570
line (c) at v = 0 km s−1 (black solid). The grey dot–dot-dashed lines show
the continuum component, whose scale in count is given on the right-hand
axis in each panel. In the upper panel, the green dashed lines show the
Gaussian-fitted model for the 1600-AD outburst shell component, the blue
dotted line shows that for the ‘double-peak’ component, and the red dot–
dashed line is the sum of the green and blue lines. In the medium and lower
panels, the red dot–dashed lines show the Gaussian-fitted model.
1984; Shu 1991; Emerson 1999). The [Fe II] velocity profiles of
P Cygni have been treated as flat-topped in literature so far, and
thus the [Fe II] emission region of P Cygni has been considered
as a compact and spherically symmetric layer expanding with a
constant velocity (e.g. Israelyan & de Groot 1991; Stahl et al. 1991;
Markova & de Groot 1997; Markova 2000; Kogure & Leung 2007).
However, our observation with high-resolution NIR spectroscopy
revealed that the [Fe II] lines of P Cygni have ‘double-peak’ profiles
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Figure 6. Reconstructed echelle images around the [Fe II] λ12570 line.
Green-tinted image (upper) shows the 1600-AD outburst shell component,
and blue-tinted image (lower) shows the extended emission region. The
telluric absorption regions at v  −270, +110 km s−1 are not displayed. The
green-dashed and blue-dotted lines are same as Fig. 4.
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Figure 7. Intrinsic FWHM of the extended emission region. The telluric
absorption regions at v  −270, +110 km s−1 are masked. The red dashed
line shows the model for spherical emission region.
(Section 3.1). Moreover, we found that the ‘double-peak’ emission
region was spatially extended by 4.9 ± 0.2 kau (Section 3.2).
Is it plausible for the ‘double-peak’ profile to originate from the
‘extended emission region’? In optical/IR spectroscopy, when a part
of an optically thin spherically symmetric shell/flow with a constant
velocity is masked by a slit of spectrograph, the intensity at the fre-
quency corresponding to the radial velocity of the masked region
becomes faint, and thus a part of ‘flat-topped’ velocity profile is
scraped off (e.g. Chapter 9 of Shu 1991). Therefore, when the emis-
sion region is extended wider than the slit width and the extended
component with a slow radial velocity is masked, the velocity profile
becomes hollow at the centre. Assuming a spherical, homogeneous,
and isotropic emission region, the model velocity profile can be
calculated as a function of a diameter of the region. The blue-dotted
line in Fig. 8 shows the model velocity profile of the emission re-
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Figure 8. The observed velocity profile of [Fe II] λ12570 (black-solid; same
as Fig. 3c) and the model one for the ‘extended emission region’ (blue-
dotted; see the main text for the detail of the model). The green-dashed
profile shows the residual component of the model fitting.
gion with a diameter of 2 arcsec, which is slightly larger than the
slit width (1.6 arcsec). The expansion velocity of the model profile
is set to be 220 km s−1, and the instrumental resolution is fully
taken into account. Residuals seen in the velocity range of −130
to +130 km s−1 (green-dashed) shows another clear double-peak
profile, which is obviously a component of the 1600-AD outburst
shell.
Indeed, the estimated diameter of the ‘double-peak’ emission re-
gion (as defined with FWHM = 2.9± 0.1 arcsec; see Section 3.2)
is similarly larger than the slit width (1.6 arcsec). The emission
region may be regarded as a region with uniform density with a
diameter of roughly 2 arcsec, but more accurate modelling should
await slit-scanning data for acquiring information on radial den-
sity distribution. Consequently, the ‘double-peak’ velocity profile
is expected, as was observed, when the emission region is partially
masked with the slit of spectrograph. We must note that some in-
trinsic non-uniformity of the emission region can enhance or skew
the spectral features.
4.2 Mass of the ‘extended emission region’
Constraining the mass is essential to investigate the nature of the
emission region. Under the assumption that the ‘extended emission
region’ is spherically symmetric (Section 3.2), the total gas mass
(M) is given by
M = μmH ne
fH
f
4
3
π
(
R32 − R31
)
, (1)
where μ is the mean molecular weight, mH is the mass of hydrogen
atom, ne is the number density of electron, fH is the hydrogen ion-
ization fraction, f is the filling factor, and R2 and R1 are the outer and
inner radii of the emission region, respectively (SH06). The mean
molecular weight μ is assumed to be 2.2. fH in the 1600-AD outburst
shell is calculated to be 0.86, using the line ratio [N II]/[N I] in SH06.
In the ‘extended emission region’, hydrogen atoms should be almost
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fully ionized because they are much closer to the central star than
the 1600-AD outburst shell. Therefore, we treated fH in the ‘extended
emission region’ as unity. The outer radius R2 of the ‘extended emis-
sion region’ is 1.45 arcsec. The inner radius R1 must be small, given
the spatial profile of the [Fe II] λ12570 line (Fig. 5c) shows no ap-
parent dip near the central star. Here, we set R1 = 0. Estimating f in
the ‘extended emission region’ is difficult because our observation
could not spatially resolve its substructure in detail. We assumed
that f is similar to that of the 1600-AD outburst shell in SH06, and
adopt f = 0.2 ± 0.1. ne can be calculated based on the ratios of the
diagnostic [Fe II] lines, λ12567/λ16435 and λ15535/λ16435 (SH06;
see the second footnote for the notations). In fig. 4 of SH06, we read
λ15535/λ16435 as 0.16 in the ‘extended emission region’ and as
0.1 in the 1600-AD outburst shell. In SH06, λ12567/λ16435 was 1.3
throughout the regions, and thus λ15535/λ12567 is calculated to be
0.12 and 0.08 in the ‘extended emission region’ and the 1600-AD
outburst shell, respectively. Comparing the λ15535/λ12567 ratios
with the values in fig. 3 of Nussbaumer & Storey (1988), we can
estimate the respective electron densities to be ne = 10000 cm−3
in the ‘extended emission region’ and 6000 cm−3 in the 1600-AD
outburst shell. The ne value hardly depends on the electron temper-
ature in this range. With all the needed parameters (Table 2), we
derived the gas mass in the ‘extended emission region’ to be (8 ± 4)
× 10−4 M. This value is about 0.5 per cent of that in the 1600-
AD outburst shell, M = 0.16 ± 0.08 M. The mass-loss rate with a
constant stellar wind of P Cygni is 3 × 10−5M yr−1 (Najarro et al.
1997a,b); accordingly, the ‘extended emission region’ contains gas
of the constant stellar wind within 30 ± 15 yr. This value is consis-
tent with a dynamical age, R/ ˙R = 2.45 kau/220 km s−1 ∼ 50 yr,
which means that the total mass of this region can be explained by
the steady stellar wind. As a result, the ‘extended emission region’
is not considered to be a remnant shell of an eruption but a stellar
wind region.
4.3 [Fe II] excitation
The bright IR [Fe II] emission is detected in all the observed LBVs
with NIR spectroscopy (Smith 2002a). For example, Smith (2006)
showed the [Fe II] λ16435 spacio-velocity map of η Carinae and
clearly indicated the two distinct emission regions within the neb-
ulae; one is the thicker skin extended inside of the H2 shell and
consistent with the ‘Homunculus’, and the other is the inner region
and consistent with the ‘Little Homunculus’ (Ishibashi et al. 2003;
Smith 2005).
The origin of the forbidden lines of LBV nebulae are not com-
pletely clear (Smith 2002a, 2012). On one hand, the shocked stellar
wind interacted with the ambient medium radiates the forbidden
lines: Smith (2002a) reported that the NIR [Fe II] lines are good
probes of shock-excited events such as LBV eruptions. If the ‘ex-
tended emission region’ of P Cygni is heated by shock, its origin
could be an episodic and relatively strong wind that occasionally
happens due to stellar fluctuations. On the other hand, the forbidden
lines may simply be radiatively excited (Smith 2006): Smith & Fer-
land (2007) suggested that, compared with shock heating, radiative
heating dominates the energy balance in the Homunculus of η Cari-
nae by two orders of magnitude. If the ‘extended emission region’
of P Cygni is radiatively heated, what we see in the region is a sim-
ply steady stellar wind with less number density and then is more
extended than the compact stellar wind region traced by other lines.
As a result, both scenarios are consistent with the statement that the
‘extended emission region’ of P Cygni traces a stellar wind, not an
eruption.
4.4 Origin of the ‘extended emission region’
The expansion velocity of the ‘extended emission region’
(∼220 km s−1) is consistent with the terminal velocity seen in the
P Cygni profile (see the vertical lines in Fig. 3). This implies that
the ‘extended emission region’ traces the outer wind after being
accelerated and reaching the terminal velocity. The expansion ve-
locity of this region is faster than that of the 1600-AD outburst shell
(∼140 km s−1), suggesting that this region overtakes the outer shell,
produces a reverse shock, and emits the [Fe II] emission. A numer-
ical simulation in Dwarkadas & Balick (1998) shows that such a
reverse shock emerges in the LBV nebulae (assuming η Carinae),
and its radius can be several times smaller than the outer shell, like
this ‘extended emission region’. Consequently, we propose that the
‘extended emission region’ traces the reverse shock region due to
the stellar wind overtaking inside of the outburst shell.
Both the 1600-AD outburst shell region and the ‘extended emis-
sion region’ show some brightness asymmetry in our data, although
we have discussed them with a spherically symmetric geometry so
far. In the upper plot of Fig. 6, a bright emission was visible at
the northern blueshifted part in the 1600-AD outburst shell.2 In the
lower panel of Fig. 6, the blueshifted part of the ‘extended emis-
sion region’ is found to be brighter than the other areas. Because
the 1600-AD outburst shell does not have velocity components at
v > 140 km s−1, this bright spot of the ‘extended emission re-
gion’ is free from contamination of the shell. As a result, the two
regions may share the similar asymmetry although they are spa-
tially separated. This similarity also supports the reverse shock
scenario; the denser region in the 1600-AD shell naturally causes
stronger emission in the shock as the wind overtakes the inside of the
shell.
The extended [Fe II] emission are also observed in the stellar wind
region of η Carinae. Smith et al. (2004) found a UV excess emission
region at 0.1−0.6 arcsec from the central star of η Carinae, which
emanates from the outer parts of the stellar wind region. Hillier et al.
(2006) detected a UV [Fe II] emission line from the UV region, 0.2
from the central star. This [Fe II] emission region in η Carinae
is similar to the ‘extended emission region’ in P Cygni; both are
spatially extended around the central star and considered to be the
outer parts of the stellar wind region. Moreover, their sizes are not so
much different (0.2–1.4 kau for η Carinae and 4.9 kau for P Cygni),
and may scale with the luminosity of the central source. Therefore,
such extended [Fe II] emission regions could be a common structure
in LBV nebulae.
Structure of the P Cygni nebulae we propose in this paper is as
follows. The inner region of the wind (100 R∗) is traced by the
metal permitted lines (v = 180 km s−1). The wind is accelerated by
the radiation of the central star and reaches the terminal velocity
at ∼300 R∗ (Lamers et al. 1985), which is traced by the P Cygni
profile of H- and He emission lines (v = 220 km s−1). The wind
velocity exceeds the expansion velocity of the 1600-AD outburst
shell (v = 140 km s−1), so that the reverse shock emerges when
the wind overtakes the shell, which produces the [Fe II] ‘extended
emission region’ we have found in this paper (v = 220 km s−1). The
radius and total gas mass of the shock region are about 15 per cent
and 0.5 per cent of those of the 1600-AD outburst shell. A promising
way to study details of this newly found region would be to spatially
resolve it (within 3 arcsec from the central star) with adaptive-optics
observations of the [FeII] lines.
2This feature is also seen in fig. 5 of SH06 though the slit positions were
not identical.
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Table 2. Parameters of the two [Fe II] emission regions.
1600-AD outburst shella Extended emission region
Mean molecular weight μ 2.2
Number density of electron ne (cm−3) 6000 10000
Hydrogen ionization
fraction
fH 0.86 1
Filling factor f 0.2 ± 0.1
Outer radius R2 (arcsec) 9.7 1.45
Inner radius R1 (arcsec) 7.8 0
Total gas mass M 0.16 ± 0.08 M  (8 ± 4) × 10−4 M
aThe values in this column are adopted from SH06.
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